Starch is a water-insoluble, Glc-based biopolymer that is used for energy storage and is synthesized and degraded in a diurnal manner in plant leaves. Reversible phosphorylation is the only known natural starch modification and is required for starch degradation in planta. Critical to starch energy release is the activity of glucan phosphatases; however, the structural basis of dephosphorylation by glucan phosphatases is unknown. Here, we describe the structure of the Arabidopsis thaliana starch glucan phosphatase LIKE SEX FOUR2 (LSF2) both with and without phospho-glucan product bound at 2.3Å and 1.65Å, respectively. LSF2 binds maltohexaose-phosphate using an aromatic channel within an extended phosphatase active site and positions maltohexaose in a C3-specific orientation, which we show is critical for the specific glucan phosphatase activity of LSF2 toward native Arabidopsis starch. However, unlike other starch binding enzymes, LSF2 does not possess a carbohydrate binding module domain. Instead we identify two additional glucan binding sites located within the core LSF2 phosphatase domain. This structure is the first of a glucan-bound glucan phosphatase and provides new insights into the molecular basis of this agriculturally and industrially relevant enzyme family as well as the unique mechanism of LSF2 catalysis, substrate specificity, and interaction with starch granules.
INTRODUCTION
As the major energy cache for plants and algae, starch is a central component of human and animal diets and a key constituent in many manufacturing processes. Starch is composed of two Glc polymers: amylopectin (75 to 90%) and amylose (10 to 25%) (Tester et al., 2004; Streb and Zeeman, 2012) . Structurally, amylose is a linear molecule composed of a-1,4-glycosidic-linked chains with few branches, while amylopectin is formed from a-1,4-glycosidiclinked chains with a-1,6-glycosidic branches, similar to glycogen in animal tissues. However, compared with glycogen, the glucan chains composing amylopectin are longer with fewer branches that are organized into clusters at regular intervals (Gallant et al., 1997; Buléon et al., 1998; Roach, 2002) . The biophysical properties of amylopectin result in the formation of double helices by adjacent glucan chains that interact to form crystalline lamellae, significantly contributing to the water insolubility of starch (Buléon et al., 1998; Streb and Zeeman, 2012) .
Starch is synthesized and degraded in a diurnal manner in plant leaves via the concerted activity of starch synthases, branching enzymes, isoamylases, and amylases (Keeling and Myers, 2010; Streb and Zeeman, 2012) . Water insolubility is an essential feature of starch that underlies the ability of starch granules to function in energy storage by regulating the access of starch hydrolyzing enzymes (e.g., amylases) (Caspar et al., 1991; Yu et al., 2001; Blennow and Engelsen, 2010) . Reversible starch phosphorylation, via glucan dikinases and phosphatases, is necessary to solubilize glucans in the outer layer of the starch granule and permit their catabolism during nonphotosynthetic periods (Fettke et al., 2009; Blennow and Engelsen, 2010; Kötting et al., 2010; Streb and Zeeman, 2012) . Thus, starch degradation is based on a cyclical enzymatic process involving glucan dikinases, amylases, and glucan phosphatases.
In plants, there are two glucan dikinases that phosphorylate starch. a-Glucan water dikinase (GWD) phosphorylates the C6-position of Glc moieties on the starch granule surface, and this event triggers C3-phosphorylation by phosphoglucan water dikinase (PWD) (Ritte et al., 2002; Baunsgaard et al., 2005; Kötting et al., 2005; Ritte et al., 2006) . Biophysical studies suggest that C3-phosphorylation imposes steric effects that result in amylopectin helix unwinding and local solubilization of surface glucans, thus permitting amylolytic degradation by b-amylases (Edner et al., 2007; Hansen et al., 2009; Blennow and Engelsen, 2010) . However, b-amylase activity is inhibited when a phosphate group is reached; therefore, glucan phosphatases must release phosphate from starch to allow processive starch breakdown (Takeda, 1981; Kötting et al., 2009) . Plants contain two glucan phosphatases that dephosphorylate starch and allow further degradation by b-amylase (Niittylä et al., 2006; Gentry et al., 2007; Kötting et al., 2009; .
Glucan phosphatases are members of the protein tyrosine phosphatase (PTP) superfamily characterized by a conserved Cx 5 R catalytic motif (Yuvaniyama et al., 1996; Gentry et al., 2007; Tonks, 2013) . The PTPs include a heterogeneous group of phosphatases called the dual specificity phosphatases (DSPs) that dephosphorylate phospho-Ser, -Thr, and -Tyr of proteinaceous substrates as well as more diverse substrates such as lipids, nucleic acids, and glucans (Alonso et al., 2003; Tonks, 2006; Moorhead et al., 2009) . The glucan phosphatase STARCH EXCESS4 (SEX4) has been shown to preferentially dephosphorylate the C6-position, and LIKE SEX FOUR2 (LSF2) specifically dephosphorylates the C3-position of Glc moieties (Hejazi et al., 2010; . However, the structural basis for specific glucan phosphatase activity and position specificity has not been determined. LSF2 and SEX4 are DSPs that are conserved in Archaeplastida/Plantae genomes from land plants to single-cell green algae (Gentry et al., 2007; Gentry and Pace, 2009; . Arabidopsis thaliana lacking SEX4 activity have larger starch granules, more leaf starch, and altered patterns of starch phosphorylation, a phenotype further exacerbated upon the simultaneous loss of LSF2 activity (Zeeman et al., 2002; Niittylä et al., 2006; Kötting et al., 2009; . Furthermore, LSF2 and SEX4 are functionally related to the glycogen phosphatase laforin that is found in all vertebrates and a subset of unicellular protozoa (Worby et al., 2006; Gentry et al., 2007 Tagliabracci et al., 2007) . Mutations in the gene that encodes laforin in humans cause the accumulation of insoluble carbohydrates leading to the fatal epileptic disorder Lafora's disease (Minassian et al., 1998; Serratosa et al., 1999; ). These findings demonstrate that glucan phosphatase activity is highly conserved in nature and essential for both starch and glycogen metabolism.
SEX4 and LSF2 proteins both contain a chloroplast targeting peptide, a DSP domain, and a unique C-terminal (CT) motif (Kerk et al., 2006; Niittylä et al., 2006; Sokolov et al., 2006; Gentry et al., 2007; Kötting et al., 2009; Vander Kooi et al., 2010; . Chloroplast targeting peptides localize proteins to the chloroplast, the site of starch metabolism. The CT motif was originally identified in the SEX4 structure as a motif that folds into the DSP core and is essential for protein stability and function (Vander Kooi et al., 2010) . Additionally, SEX4 contains a carbohydrate binding module (CBM) that is common in starch-interacting enzymes (Niittylä et al., 2006; Sokolov et al., 2006; Gentry et al., 2007; Glaring et al., 2011) . CBMs are nonenzymatic domains that typically bind a specific carbohydrate and allow the catalytic portion of the enzyme to modify the substrate (Coutinho and Henrissat, 1999; Boraston et al., 2004; Machovic and Janecek, 2006) . The previously determined glucan-free SEX4 structure demonstrated that its CBM and DSP domains interact to form a continuous binding pocket that coordinates the dual functions of glucan binding and dephosphorylation (Vander Kooi et al., 2010 ). An additional plant protein called LSF1 also contains a CBM and DSP domain (Comparot-Moss et al., 2010) . While LSF1 is required for starch degradation, it lacks phosphatase activity and is not considered a glucan phosphatase (ComparotMoss et al., 2010) . Conversely, LSF2 binds and dephosphorylates glucans, but it is notable that this glucan phosphatase lacks a CBM . Indeed, the glucan phosphatase family was first defined as any protein containing both a DSP and CBM (Gentry et al., 2007) . Thus, the physical basis for LSF2-starch interaction and dephosphorylation is unclear, although it has been previously suggested that LSF2 may use a scaffold protein or an unidentified glucan binding interface to maintain interactions with starch (Comparot-Moss et al., 2010; .
Here, we elucidate the functional basis for LSF2 as a specific glucan phosphatase by determining the x-ray crystal structure of LSF2 with and without the phospho-glucan products maltohexaose and phosphate. LSF2 possesses a unique DSP active site that incorporates both a glucan binding platform and phosphatase catalytic residues. Moreover, we identify two additional secondary binding sites (SBSs) located >20 Å from the active site that intimately involve the CT motif and are essential for LSF2 glucan binding and dephosphorylation, providing the distinct mechanism necessary for LSF2 to function without a CBM.
RESULTS

Crystal Structure of LSF2 Bound to Maltohexaose and Phosphate
The structure of the Arabidopsis LSF2 glucan phosphatase (residues 79 to 282, C193S [catalytically inactive]) bound to maltohexaose and phosphate was determined to a resolution of 2.30 Å using molecular replacement with one molecule in the asymmetric unit ( Figure 1A , Table 1 ). The LSF2 DSP domain (residues 79 to 244) possesses a characteristic core PTP fold consisting of a central five-stranded b-sheet region flanked by eight a-helices (see Supplemental Figure 1 online). The CT motif (residues 245 to 282) consists of a loop region culminating in an a-helix that integrally folds into the DSP domain, a characteristic also found in the glucan phosphatase SEX4 (Vander Kooi et al., 2010) . A search for structural homologs of the LSF2 DSP domain (residues 79 to 244) identified the DSP domain of Arabidopsis SEX4 (residues 90 to 250, root mean square deviation [RMSD] of 1.1 Å, PDB code 3NME; Vander Kooi et al., 2010) and mouse PTPMT1 (residues 105 to 256, RMSD of 2.2 Å, PDB code 3RGQ; Xiao et al., 2011) as the structures most similar to LSF2 despite the fact that the LSF2 DSP is only 48 and 17% identical at the amino acid level to the DSP domain of SEX4 and PTPMT1, respectively.
Maltohexaose is composed of six Glc moieties with a-1,4-glycosidic linkages; thus, it is similar to the unwound helices on the starch granular surface. In the structure, maltohexaose is bound to the LSF2 active site and two distal sites. The LSF2 active-site region contains a single maltohexaose chain and phosphate molecule within the catalytic pocket. Multiple conserved DSP active-site motifs converge to form an extended active-site binding pocket within LSF2 that is ;19Å long and ;9Å deep with 511 Å 2 contact area ( Figure 1B) . These motifs include a recognition domain from a1 through b1 (83 to 92), a variable (V-) loop from a3 through a4 (132 to 150), a WPD (D-) loop between b4 and a5 (158 to 163), a PTP-loop between b5 and a6 (192 to 199) that contains the LSF2 catalytic signature (Cx 5 R) motif, and an R-motif between a7 and a8 (225 to 244) (see Supplemental Figures 1 and 2 online).
LSF2 C3 Specificity and Catalytic State
LSF2 possesses robust activity against starch and displays high specificity for the C3 position, as measured by a 33 P-radiolabeled starch dephosphorylation assay ( Figure 1C ) . While both glucan dikinases and glucan phosphatases display strong positional specificity, the basis of this specificity is unclear. The electron density of the maltohexaose in the active site allows clear assignment of glucan chain position and orientation, labeled Glc1-Glc6 from the nonreducing end to the reducing ( Figure 1D ; see Supplemental Figures 3A and 3B online). Strikingly, the O3 group of Glc3 directly interacts with the phosphate at the LSF2 catalytic site at a distance of 2.4 Å compared with 7.0 Å for the O6 group. Furthermore, the orientation of the PTP catalytic triad (DX 30-35 CX 5 R) within LSF2 is proximal to the O3 and phosphate and poised for catalysis of a C3-phosphorylated Glc ( Figure 1E ). C193S is located at the base of the active-site cleft, 2.5 Å from the nearest phosphate oxygen, and represents the key nucleophilic catalytic residue that covalently attacks the phosphate group during catalysis. Arg-199 is positioned 2.8 Å from the phosphate and orients the phosphate of the substrate toward the catalytic Cys. At the top of the active-site cleft is the D-loop Asp-161 that participates in catalysis as a general acid/base, forming the reaction intermediate and then assisting in hydrolysis and product expulsion. Asp-161 is located 2.5 Å from the O3 of Glc3 and 3.8 Å from the nearest phosphate oxygen.
Maltohexaose-Phosphate Product Bound at the LSF2 Active Site
Five highly conserved aromatic residues delineate the boundaries of the extended active-site channel, forming extensive interactions with the Glc rings of the maltohexaose chain ( Figure 2A ). These five aromatic residues provide the majority of the interface between the LSF2 active site and the substrate. form one side of the channel and interact with Glc moieties Glc1-5. Tyr-83 and Tyr-85 are located within the recognition domain, directly adjacent to the R-motif and PTP-loop, respectively. Tyr-135 and Trp-136 are both located in the V-loop and form a continuous interaction surface with Tyr-85. Phe-162, located in the D-loop, forms the opposite side of the aromatic channel and interacts with Glc2-6. These Glc moieties form a helical structure around Phe-162 and interact with both faces of the Phe ring. The residues that form the aromatic channel are strictly conserved in all land plants as well as in most single-celled members of Kingdom Plantae, with only one To investigate the functionality of these aromatic residues, we generated Ala mutants of each channel residue and tested their ability to dephosphorylate starch granules isolated from Arabidopsis. Single Ala point mutations of Tyr-83, Tyr-85, Tyr-135, Trp-136, and Phe-162 resulted in a decrease of C3-dephosphorylation by 38 to 96% ( Figure 2B ). Mutation of both sides of the channel (W136A/F162A) resulted in a 99% loss of glucan phosphatase activity. Importantly, the observed decreases in specific glucan phosphatase activity were not due to destabilization of the active site or misfolding of the protein as evidenced by near-wild-type phosphatase activity for all mutant proteins toward the generic substrate para-nitrophenyl phosphate (pNPP) (see Supplemental Figure 4A online). Thus, our findings indicate that LSF2 possesses an aromatic channel that forms an extended active site uniquely suited to bind to polyglucan substrates and necessary for glucan phosphatase activity.
Conformational Changes in the LSF2 Active Site
Intriguingly, one of these key aromatic residues, Phe-162, is found in the D-loop directly after Asp-161, which serves as the general acid/base as discussed above. In fact, Phe-162 makes the most contact of any active-site residue with the substrate glucan (136 Å 2 , 27% of the total contact area). To compare the catalytic site of glucan-bound and unbound LSF2, we crystallized LSF2 without maltohexaose and determined the structure to a resolution of 1.65 Å using molecular replacement (see Supplemental Figure 5 online; Table 1 ). The glucan-free LSF2 produced a different crystal form and contained one molecule in the asymmetric unit and bound citrate from the crystallization buffer (see Supplemental Figure 5 online). The RMSD of the glucan and citrate-bound DSP domain (residues 79 to 244) structures was 1.0 Å. A comparison of product-bound and citratebound LSF2 structures revealed a substrate-dependent rearrangement of the D-loop architecture upon glucan binding ( Figure 2C ). In the product-bound structure, the orientations of Asp-161 and Phe-162 are significantly different. The D-loop aromatic residue Phe-162, important for the specific activity of LSF2, interacts with multiple Glc moieties of the glucan chain and shifts toward the V-loop. This movement is associated with a significant reorientation of the critical general acid/base, residue Asp-161. Comparison of the two structures reveals that the terminal carboxylate of Asp-161 is 3.1 Å closer to the catalytic Cys and directly in contact with the O3 group of Glc3. To further analyze the position of Asp-161, we compared the LSF2 DSP with structures of the glucan phosphatase SEX4 and the prototypical protein phosphatases VHR (PDB 1VHR; Yuvaniyama et al., 1996) and SSH-2 (PDB 2NT2; Jung et al., 2007) . Analysis of the catalytic triad from each of these structures reveals that the substratebound orientation of LSF2 Asp-161 is in a catalytically competent orientation only in the product-bound structure (see Supplemental Figure 6 online). Thus, LSF2 undergoes a substrate-induced conformational change with the LSF2 product-bound form ideally positioned for catalysis of an O3 phosphorylated glucan substrate.
Most DSPs possess a short-chain hydrophilic reside, S/T/N/ H, at the +1 residue from the general acid/base Asp (Vander Kooi et al., 2010) . However, Phe-162 is invariant in LSF2, and the corresponding residue is also strictly conserved in SEX4, Phe-167. We previously demonstrated that mutating SEX4 Phe-167 to a short-chain hydrophilic residue (F167S) resulted in a 50% decrease in the glucan/pNPP phosphatase activity of SEX4 F167S (Vander Kooi et al., 2010) . Cumulatively, these data demonstrate an important role for D-loop movement in order to correctly position the catalytic triad and maximize glucan phosphatase activity. 
Noncatalytic Glucan Binding Sites
Glucan phosphatases were originally defined as enzymes that contain both a DSP and CBM domain, and the CBM has been shown to be critical for endogenous substrate binding and biological activity (Gentry et al., 2007; Gentry and Pace, 2009) . Because LSF2 lacks a CBM, the nature of its substrate binding ability has been unclear. Therefore, we investigated LSF2 glucan binding to amylopectin. LSF2 was incubated with amylopectin, and the amylopectin was then pelleted by ultracentrifugation. Proteins in the pellet and supernatant were separated by SDS-PAGE and visualized by immunoblot analysis. The prototypical protein phosphatase VHR does not bind amylopectin and was found in the supernatant, whereas the prototypical glucan phosphatase SEX4 possesses robust glucan binding and was largely in the pellet ( Figure 3A ). LSF2 also robustly binds amylopectin and similar to SEX4 was largely in the pellet. Next, we sought to define how mutations in the aromatic channel affect LSF2 glucan binding. The LSF2 W136A/F162A mutant, which had a 99% decrease in specific glucan phosphatase activity, showed only a moderate (32%) decrease in amylopectin binding ( Figure 3A ). This suggests that while the active site is necessary for glucan phosphatase activity, other regions primarily determine substrate binding. These data are consistent with LSF2 containing additional glucan binding sites distinct from the activesite aromatic channel. Indeed, the maltohexaose-bound LSF2 structure revealed two additional glucan binding sites >20 Å from the active site ( Figure  3B ). Thus, we hypothesized that one or both of these additional glucan binding sites could functionally replace a CBM domain and be critical for the biological activity of LSF2.
One maltohexaose chain is located in a binding pocket (Site-2) formed by residues from the DSP domain and CT motif on the opposite side of the V-loop ;21 Å from the active site. The maltohexaose chain makes extensive contacts (391 Å 2 ) with residues in b4 and a5 of the DSP as well as the C terminus of the CT domain ( Figure 4A ; see Supplemental Figures 3C and 3D online). The maltohexaose chain wraps around the CT-loop, forming hydrogen bonds with Arg-153 and Arg-157 and van der Waals contact with Trp-180 and Met-155. As with the active-site residues, Site-2 residues are highly conserved in LSF2 orthologs (see Supplemental Figure 2 online). To determine the effect of (A) A maltohexaose chain (green) interacts with aromatic channel residues at the LSF2 active site. Tyr-83 and Tyr-85 are located in the recognition domain N terminus from a1. Tyr-135 and Trp-136 are located in the V-loop in a3. Phe-162 is located in the D-loop between b4 and a5. The total contact area of the aromatic channel residues with maltohexaose is 266 Å 2 . (B) Specific activity of aromatic channel mutants against the C3-position of Arabidopsis starch granules. Phosphate-free starch from gwd-deficient plants (Yu et al., 2001 ) was purified and prelabeled at the C3-or C6-position with 33 P as in Figure 1C Site-2 glucan binding on LSF2 activity, we tested the ability of Ala point mutants as well as a C-terminal truncation to dephosphorylate starch granules. Ala mutations of Trp-180, Met-155, Arg-153, and Arg-157 resulted in decreases of specific glucan phosphatase activity of 24 to 50% ( Figure 4B ). Truncation of the three C-terminal residues (R280/G281/T282, DRGT) decreased activity by 46%. All mutant proteins maintained nearwild-type pNPP activity, indicating that the observed effects are specific (see Supplemental Figure 4B online). While mutation of Site-2 resulted in a substantial decrease in glucan phosphatase activity, we also investigated the effect of Site-2 mutants on substrate binding. We tested the ability of LSF2 R157A, which showed the greatest reduction in specific activity, to bind amylopectin and found that it displayed a substantial (64%) decrease in amylopectin binding ( Figure 4C ). This decrease was markedly greater than that observed for the W136A/F162A active-site mutant ( Figure 3A ). These data demonstrate that Site-2 functions as a glucan binding interface and that this binding site is important for the biological activity of starch dephosphorylation by LSF2.
Two additional maltohexaose chains were found in a binding pocket (Site-3) formed by the CT-loop region ;23 Å from the active site. Five Glc moieties from two maltohexaose chains (Hex-1 and Hex-2) could be resolved ( Figure 5A ; see Supplemental Figures 3E and 3F online) . The two chains form a helical structure, reminiscent of an amylopectin helix, with a contact area of 338 Å 2 . LSF2 primarily interacts with Hex-1, forming hydrogen bonding interactions with Lys-245 and Glu-268 and van der Waal's interactions with Phe-261. As with the active-site and Site-2 residues, Site-3 residues are highly conserved in LSF2 orthologs (see Supplemental Figure 2 online). To determine the effect of Site-3 glucan binding on LSF2 activity, we tested the ability of Ala point mutants to dephosphorylate starch granules. Ala mutations of Glu-268, Lys-245, and Phe-261 resulted in decreases of specific glucan phosphatase activity of 35 to 87% ( Figure 5B ). All mutant proteins maintained near-wild-type pNPP activity, again indicating that the observed effects are specific (see Supplemental Figure 4C online). As with Site-2, we also investigated the effect of Site-3 on substrate binding. We found that the Site-3 mutant F261A, which showed (A) A transparent surface model of LSF2 Site-2 showing DSP domain (blue) and CT motif (green) interaction with the maltohexaose chain (cyan). Arg-153 and Met-155 are located on b4. Arg-157 is located between b4 and a5. Trp-180 is located on a5. Thr-282 is located on the C terminus after a11. Glc moieties are numbered from nonreducing to reducing end. The total contact area of Site-2 with maltohexaose is 391 Å 2 . (B) Specific activity of Site-2 mutants against the C3-position of Arabidopsis starch granules. Phosphate-free starch from gwd-deficient plants (Yu et al., 2001 ) was purified and prelabeled at the C3-or C6-position with 33 P as in Figure 1C . The labeled starch was then incubated with LSF2 wild type (WT) or LSF2 Site-2 mutants, and starch dephosphorylation was measured via release of 33 P. In addition to single point mutants, starch dephosphorylation was also determined for LSF2 lacking the C-terminal residues Arg-280, Gly-281, and Thr-282 (DRGT). The reaction time was 5 min. Each bar is the mean + SD of six replicates. Mutated residues are marked with a circle in Supplemental Figure 2 online. (C) An amylopectin binding assay of Site-2 mutant R157A was performed in a similar manner as described in Figure 3A . LSF2 R157A was cosedimented with amylopectin and found in the pellet (P) and supernatant (S).
the greatest reduction in specific activity, showed the most dramatic (73%) decrease in amylopectin binding ( Figure 5C ). In comparison to Site-2, Site-3 mutants showed greater effects on both substrate binding and specific glucan phosphatase activity.
To determine the contribution of the individual glucan binding sites to the overall binding of LSF2, we generated combination mutants. The combination of Site-2 and Site-3 mutations, R157A/F261A, led to an even more dramatic (87%) decrease in amylopectin binding, but slight binding still remained ( Figure   5C ). Only a mutant combining all three sites, F162A/W136A/ R157A/F261A, resulted in a protein that possessed no detectable glucan binding ability ( Figure 5C ). Thus, each of the three glucan binding sites contributes to substrate binding, and none of the sites are individually sufficient for wild-type levels of glucan binding. In addition, all of the LSF2 residues directly involved in noncatalytic glucan binding are not conserved in the CBM-containing SEX4 (see Supplemental Figure 7 online). Taken together, these data demonstrate that rather than requiring a scaffold protein or CBM, LSF2 possesses three glucan binding sites in its DSP domain that are each critical for its ability to bind glucans and function as a specific glucan phosphatase.
DISCUSSION
Phosphatases dephosphorylate each of the four organic macromolecules: proteins, lipids, nucleic acids, and carbohydrates. While previous studies have defined the structural bases of phosphatase activity with proteins, lipids, and nucleic acids, the basis for phosphatase-glucan interaction was previously unknown. Here, we examined the structural and biochemical basis of glucan phosphatase activity by determining the crystal structure of LSF2, providing detailed insights into the mechanism of this important class of enzymes.
At the LSF2 active site, an integrated network of aromatic residues forms an extended binding pocket that allows specific glucan interaction and dephosphorylation. While these aromatic residues are within the core DSP domain, in each case they are uniquely suited to promote phospho-glucan binding. Conservation of aromatic residues in the active site between glucan phosphatases suggests that this is a key general characteristic differentiating glucan phosphatases from other phosphatases. It is particularly notable that both LSF2 and the previously determined SEX4 structure possess an a-helical V-loop containing conserved aromatic residues, Tyr-135 and Trp-136 in the LSF2 V-loop (Vander Kooi et al., 2010) . These residues are integral for LSF2 glucan binding and dephosphorylation and form the basis of the conserved theme of an aromatic channel within the active site of glucan phosphatases. By contrast, the V-loop of PTPs and DSPs are historically defined by their lack of secondary structure and highly variable length (Alonso et al., 2003) . Phospho-Tyr phosphatases contain longer V-loops when compared with phospho-Ser/Thr phosphatases in order to generate a deeper binding pocket that accommodates the longer phospho-Tyr. However, in each case, the V-loop is indeed a loop (Alonso et al., 2003; Tonks, 2006) . Thus, the glucan phosphatase structured V-loop appears to be a defining characteristic of this phosphatase class.
Aromatic-Glc stacking interactions are a central structural element for CBMs (Boraston et al., 2004; Machovic and Janecek, 2006) and are found in the catalytic channel of glycosyl hydrolases (Robert et al., 2005; Koropatkin and Smith, 2010) . However, a similar glucan-aromatic channel interface had not been previously observed in any phosphatase. Our crystallography data revealed that the LSF2 active site maintains interactions with all six Glc moieties on the maltohexaose chain, thus indicating that the active site of LSF2 combines both a DSP active site and glucan binding platform. showing specific interactions with maltohexaose chains Hex-1 (orange) and Hex-2 (pink). Lys-245 is located between a8 and a9. Phe-261 is located between a10 and a11. Glu-268 is located in a11. The total contact area of Site-3 with the maltohexaose chains is 338 Å 2 . (B) Specific activity of Site-3 mutants against the C3-position of Arabidopsis starch granules. Phosphate-free starch from gwd-deficient plants (Yu et al., 2001 ) was purified and prelabeled at the C3-or C6-position with 33 P as in Figure 1C . The labeled starch was then incubated with LSF2 wild type (WT) or LSF2 Site-3 mutants, and starch dephosphorylation was measured via release of 33 P. The reaction time was 5 min. Each bar is the mean + SD of six replicates. Mutated residues are marked with a triangle in Supplemental Figure 2 online. (C) An amylopectin binding assay of Site-3 mutant F261A, Site-2/Site-3 mutant (R157A/F261A), quadruple mutation of active site, Site-2, and Site-3 (F162A/W136A/R157A/F261A) was performed in a similar manner as described in Figure 3A . Amylopectin-bound protein is found in the pellet (P) and unbound protein is found in the supernatant (S).
Indeed, we identified a link between LSF2 substrate binding and catalysis mediated by residue Phe-162. In addition to being a part of the active-site aromatic channel, Phe-162 is located at the +1 position from the catalytic triad residue Asp-161. Rotation of these residues upon glucan binding is required for the correct catalytic positioning of Asp-161. This connection suggests an inherent mechanism for phosphate recognition that is tied directly to the architecture of the glucan phosphatase aromatic channel. It is important to note that this may be a general feature of this enzyme class since this residue is conserved as an aromatic/long-chain hydrophobic residue in all known glucan phosphatases, whereas other phosphatases typically possess short-chain hydrophilic residues at this position (Vander Kooi et al., 2010) .
Despite similarities with other glucan phosphatases, LSF2 is in fact unique among known glucan phosphatases in that the enzyme functions independent of a CBM. There has been debate as to whether or not other functionality or possibly bridging proteins are required for the glucan phosphatase activity of LSF2 (Comparot-Moss et al., 2010; . However, our data clearly establish that LSF2 uses three glucan binding sites located in the phosphatase domain for carbohydrate binding. The central function attributed to CBMs is substrate localization, and our data demonstrate that the noncatalytic glucan binding sites identified in the LSF2 structural data adopt this functionality. Mutations of Site-2 and Site-3, the two binding sites located away from the active site, result in dramatic decreases in LSF2 glucan binding and dephosphorylation, similar to decreases observed for CBM mutants of SEX4 and laforin (Ganesh et al., 2004; Wang and Roach, 2004; Gentry et al., 2007) . It should be noted that Site-2 and Site-3 both use residues from the glucan phosphatasespecific CT motif (Vander Kooi et al., 2010; . Thus, this unique elaboration on the core LSF2 phosphatase domain provides novel functionality.
Carbohydrate active enzymes (CAZymes) as defined by the CAZy database (http://www.cazy.org) are a diverse collection of enzymes that synthesize and degrade an extremely heterogeneous group of complex carbohydrates and glycoconjugates (Cantarel et al., 2009 ). These enzymes cover >250 protein families, including glycoside hydrolases, glycosyltransferases, polysaccharide lyases, carbohydrate esterases, and nonenzymatic proteins that contain a CBM (Cantarel et al., 2009) . A CBM is a contiguous amino acid sequence with a conserved tertiary fold that possesses carbohydrate binding ability and is contained within a carbohydrate-modifying enzyme (Coutinho and Henrissat, 1999; Boraston et al., 2004; Machovic and Janecek, 2006; Cantarel et al., 2009 ). Many of the enzymes that synthesize and degrade carbohydrates utilize a CBM to bind their carbohydrate substrate and then enzymatically act on the carbohydrate via a distinct catalytic module. This model of a binding domain and enzymatic domain is true for the other identified glucan phosphatases (Worby et al., 2006; Gentry et al., 2007; Kötting et al., 2009; Vander Kooi et al., 2010) . Indeed, the glucan phosphatases were originally defined as any protein containing a phosphatase domain and a CBM (Gentry et al., 2007) . While LSF2 is a carbohydrate-modifying enzyme that binds carbohydrates, it does not contain a classical CBM and is not classified under the CAZy classification.
Alternatively, LSF2 uses a glucan binding architecture referred to as secondary binding sites (SBSs) (Robert et al., 2005; Bozonnet et al., 2007; Cuyvers et al., 2012) . SBSs are an emerging theme found in some glycoside hydrolases (Cuyvers et al., 2012) . Many glycoside hydrolases possess one or more CBM, but recent structural studies have identified a subset of glycoside hydrolases that contain both a CBM and SBSs, such as SusG (Koropatkin and Smith, 2010) , or that only possess SBSs, such as barley (Hordeum vulgare) a-amylase (Kadziola et al., 1998; Robert et al., 2005) , human salivary and pancreatic a-amylase (Payan and Qian, 2003; Ragunath et al., 2008) , and yeast glucoamylase (Sevcík et al., 2006) . Indeed, the two SBSs of barley a-amylase, which are remote from its glucan binding active site, are directly involved in substrate binding and hydrolysis and these two sites act synergistically (Nielsen et al., 2009) .
Our results establish that LSF2 independently binds and dephosphorylates starch. As starch is a complex, insoluble substrate, the presence of multiple glucan binding interfaces may permit LSF2 to uniquely engage the complex multivalent glucan At night, starch is phosphorylated (red circles) by glucan dikinases, leading to solubilization of the outer starch granules via unwinding of amylopectin helices (gray bars). Amylopectin is then hydrolyzed by amylases into maltose and malto-oligosaccharides. However, these amylases cannot completely degrade phosphorylated starch. Therefore, glucan phosphatases must remove phosphate from partially degraded amylopectin chains. The outer starch surface is then fully degraded by amylases into malto-oligosaccharides, and the cycle is reset so that the next starch layer can be phosphorylated and degraded. The inset box illustrates a model of LSF2-glucan interaction. Amylopectin helices are composed of two a-1,4-glycosidic-linked chains that are partially unwound at their nonreducing ends due to phosphorylation. LSF2 interacts with starch via multiple binding sites: The LSF2 active site (highlighted in red) interacts with the C3-phosphorylated Glc moiety through coordination of the aromatic channel with six Glc units, Site-2 also interacts with six Glc moieties via hydrogen bonding and van der Waals contacts at an interface between the LSF2 DSP domain (blue) and the CT motif (green), and Site-3 interacts with two helical-like glucan chains through interactions with the CT motif.
surface of its endogenous substrate. Indeed, the combined-site mutants (R157A/F261A and F162A/W136A/R157A/F261A) show additive effects, implying that the sites function together. This suggests a model whereby starch binding involves the engagement of longer or multiple glucan chains by the three glucan binding sites on LSF2 (Figure 6) . Moreover, the helical glucan chains at Site-3 are reminiscent of amylopectin, suggesting LSF2 may interact with complex starch granules with distinct helical characteristics. The functional significance of SBSs in glycosyl hydrolases has been extensively reviewed and various additional functions have been postulated, including substrate disruption, allosteric regulation, enhancing processivity, and relaying of reaction products (Cuyvers et al., 2012) . Due to the limitations of using the short-chain glucan maltohexaose as a ligand, ongoing studies using more diverse glucan chains will be required to examine possible cooperativity or connectivity between the additional LSF2 glucan binding sites. This may also provide insights into the position of LSF2 binding and C3-phosphorylation relative to amylopectin branch points.
These data also give a clearer picture of the role of glucan phosphatases in the cyclical starch degradation process. The glucan dikinases phosphorylate the outer Glc moieties of starch at the C6-and C3-positions, resulting in amylopectin helix unwinding and local solubilization. These events allow a-and b-amylases as well as isoamylases to access the outer glucans and release maltose and malto-oligosaccharides. However, b-amylase activity is inhibited when a phosphate group is reached. The glucan phosphatases bind and dephosphorylate the phospho-glucans to allow further amylolytic activity and a resetting of the starch degradation cycle (Figure 6 ). The coordinated phosphorylation of starch Glc at the C6-and C3-positions is the central signaling event orchestrating starch breakdown (Blennow and Engelsen, 2010; Kötting et al., 2010; Streb and Zeeman, 2012) . The recent characterization of SEX4 and LSF2 illustrates that plants use a two-enzyme system for phosphate removal, permitting complete starch catabolism. Our structures reveal the basis for the glucan binding and C3-specificity of LSF2. Determination of additional glucan phosphatase structures will reveal further insights into the mechanism of activity and specificity of glucan phosphatases. In particular, it will be interesting to determine if the presence of a CBM domain in other family members not only contributes to substrate binding but also to positionspecific function.
As the central regulatory event governing starch breakdown, modulation of reversible phosphorylation has the potential to increase starch yields and produce starches with novel physicochemical properties, thus enhancing manufacturing of feedstock for both food and nonfood applications . Starch is used in countless applications, many of which require chemical and physical modifications to improve and diversify its functionality (Blennow et al., 2002; . Phosphorylation is the only known natural modification of starch, and highly phosphorylated starches have many attractive characteristics, including increased hydration status (Muhrbeck and Eliasson, 1991) , decreased crystallinity (Muhrbeck and Eliasson, 1991) , and improved freeze-thaw stability, viscosity, and transparency (Blennow et al., 2001) . Arabidopsis plants lacking LSF2 activity display increased C3-phosphorylated starch without adverse effects on plant growth . Genetic manipulation of LSF2 could therefore represent a new means to produce starch with higher phosphate content, particularly in cereal crops containing virtually no covalently bound phosphate (Blennow et al., 2000) . The data presented here can be used to inform the engineering of glucan phosphatases to alter their functionality for industrial starch processing, particularly in light of disparities between C6-and C3-contributions to starch superstructure. It has been established that C3-phosphorylation results in greater local hydration of starch granules compared with C6-phosphorylation; therefore, manipulation of LSF2 represents a potential avenue for manipulation of overall starch structure (Blennow and Engelsen, 2010) . Structural insights into the unique mechanism of LSF2 are fundamental to our understanding of starch catabolism and ultimately harnessing starch as a biomolecule with diverse applications.
METHODS
Cloning, Expression, and Purification of Recombinant Proteins
Primers used in this work are listed in Supplemental Table 1 online. Cloning of full-length Arabidopsis thaliana LSF2 (AT3G10940) from cDNA was previously described . Based on data from secondary structure predictions, disorder predictions, sequence similarity to SEX4, and analysis of LSF2 orthologs, we generated an Arabidopsis LSF2 construct lacking the first 78 amino acids (D78-LSF2). D78 LSF2 does not contain the chloroplast targeting peptide (predicted to be residues 1 to 65) along with residues up to the DSP recognition domain. D78-LSF2 was subcloned into pET28 (Novagen) using NdeI and XhoI sites to encode a His 6 tag, a thrombin cleavage site, and Δ78-LSF2 . We generated an active-site Cys-to-Ser mutation (C193S), an established technique that generates a catalytically inactive construct used to trap the substrate and as a negative control in enzymatic assays (Zhou et al., 1994; Jia et al., 1995; Begley et al., 2006) . All point mutants were generated using a site-directed mutagenesis kit (Agilent) or mutagenesis services (GenScript). Cloning and purification of Arabidopsis SEX4 lacking the first 89 amino acids (D89-SEX4) (Vander Kooi et al., 2010) and Hs-VHR (Yuvaniyama et al., 1996) was performed as previously described. All DNA sequencing (ACGT) was confirmed using MacVector. Amino acid sequences of LSF2 orthologs were aligned with ClustalW in MacVector. Expression and purification of D78-LSF2 was performed similarly to the previously described method for D89-SEX4 (Vander Kooi et al., 2010) . Briefly, BL21-CodonPlus Escherichia coli cells were transformed with expression vectors for the production of native LSF2 protein.
Cells were grown at 37°C in 23 YT media to OD 600 = 0.6 to 0.8, placed on ice for 20 min, induced with 1 mM isopropyl b-D-thiogalactoside, grown at 16°C for 16 h, and harvested by centrifugation. Cells were lysed in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 2mM DTT and centrifuged, and the proteins were purified via a Profinia IMAC Ni 2+ column (Bio-Rad) with a Profinia protein purification system (Bio-Rad). Protein was dialyzed in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 2mM DTT overnight at 4°C in the presence of thrombin. Affinity purified protein was then reverse purified over the Profinia IMAC Ni 2+ column, and the flow-through fraction was collected. Protein was further purified to homogeneity using a HiLoad 26/60 Superdex 200 size exclusion column (GE Healthcare). Protein used for enzyme and binding assays was stored in 10% glycerol as a cryoprotectant and flash frozen for later use.
Recombinant potato (Solanum tuberosum) GWD and recombinant Arabidopsis PWD for 33 P labeling of Arabidopsis starch were purified as previously described with the following modifications (Ritte et al., 2002; Kötting et al., 2005) . GWD and PWD were transformed into BL21-CodonPlus E. coli cells and expressed similarly to D78-LSF2 as stated above. GWD was lysed in buffer (50 mM Tris/HCl, pH 7.5, 2.5 mM EDTA, 2.5 mM DTT, and 0.5 mM PMSF), and proteins were purified using an anion exchange column (Q-sepharose-FF; GE-Healthcare) with a salt gradient (50 mM Tris/HCl, pH 7.5, 2.5 mM EDTA, 2.5 mM DTT, 0.5 mM PMSF, and 0.5 NaCl) to elute the protein. Fractions were collected and protein was further purified using a HiLoad 26/60 Superdex 200 size exclusion column (GE Healthcare) in new buffer (100 mM MOPS/KOH, pH 7.6, 1 mM EDTA, 2 mM DTT, 0.5 mM PMSF, and 150 mM NaCl). GWD was then put over a desalting column using a Bio-Scale Mini Bio-Gel P6 desalting column (Bio-Rad) using a Profinia protein purification system (Bio-Rad). PWD was lysed in buffer (50 mM HEPES/NaOH, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 0.5 mM PMSF) and centrifuged, and proteins were purified using a Profinia IMAC Ni 2+ column (Bio-Rad) with a Profinia protein purification system (Bio-Rad). PWD was further purified using a HiLoad 26/60 Superdex 200 size exclusion column (GE Healthcare).
Crystal Structure Determination and Refinement
For glucan-bound crystals, single, high-quality crystals with one molecule in the asymmetric unit were obtained via hanging drop vapor diffusion using a Mosquito liquid handling robot (TTPLabtech) using a 200-nL drop with a 1:3 ratio of D78-LSF2 C193S (4.8 mg/mL) preincubated with 25 mM maltohexaose (Sigma-Aldrich): 0.1 M diammonium hydrogen phosphate, pH 5.7, 17% 2-propoanol, and 31% polyethylene glycol 4000 at 18°C. Single, high-quality D78-LSF2 wild-type crystals, with one molecule in the asymmetric unit, were obtained with a 200-nL drop using a 1:1 ratio of LSF2 (4.8 mg/mL): 0.1 M trisodium citrate, pH 5.8, 16% 2-propanol, 31% polyethylene glycol 4000, and 2% glycerol at 18°C. A single crystal was used for data collection and structural determination for both LSF2 structures. Both D78-LSF2 C193S (phosphate/maltohexaose) and D78-LSF2 wild-type (citrate) data were collected on the 22-ID beamline of SER-CAT at the Advanced Photon Source, Argonne National Laboratory (Table  1) at 110K at a wavelength of 1.0 Å. Data were processed using HKL2000 (Otwinowski and Minor, 1997) . PHENIX (Adams et al., 2010) was used for molecular replacement using the SEX4 DSP and a10 helix of the SEX4 CT domain as search models (Vander Kooi et al., 2010) . The structures were then fully built and refined via iterative model building and refinement using Coot (Emsley et al., 2010) and Refmac5 (Murshudov et al., 1997) , respectively. Stereochemistry of the model was analyzed using MolProbity (Davis et al., 2007) . Analysis and molecular graphics were prepared using Pymol (Schrodinger, 2010) . Density maps were produced using the FTT program in CCP4 (Winn et al., 2011) . Comparative structure analyses were performed using the DaliServer (Holm and Rosenström, 2010) and DaliLite (Hasegawa and Holm, 2009 ). Protein-ligand contact analyses were performed with Areaimol (Lee and Richards, 1971) .
Phosphatase Assays
Phosphatase assays using pNPP have been previously described and were performed with the following modifications (Worby et al., 2006; Gentry et al., 2007; Sherwood et al., 2013) . Hydrolysis of pNPP was performed in 50 mL reactions, containing 13 phosphatase buffer (0.1 M sodium acetate, 0.05 M bis-Tris, 0.05 M Tris-HCl, pH 7.0, and 2 mM DTT), 50 mM pNPP, and 1 µg of enzyme at 37°C for 15 min. The reaction was terminated by the addition of 200 mL of 0.25 NaOH, and absorbance was measured at 410 nm. The assay was performed with each protein six times or more to determine specific activity.
Phosphate release from 33 P-Labeled granules was performed as previously described with the following variations (Hejazi et al., 2010; . C6-33 P-labeled starch was generated by isolating phosphate-free starch granules from the Arabidopsis sex1-3 mutant (Yu et al., 2001) , phosphorylating the starch with 33 P at the C6-position by GWD followed by washing until all unincorporated 33 P had been removed. Phosphorylation with unlabeled ATP at the C3-position by PWD was performed as previously described (Hejazi et al., 2010) . C3-33 P-labeled starch was generated by isolating phosphate-free starch granules from the Arabidopsis sex1-3 mutant (Yu et al., 2001) , phosphorylating the starch with unlabeled ATP at the C6-position by GWD followed by phosphorylation with 33 P at the C3-position by PWD and washing until all unincorporated 33 P had been removed, as previously described (Hejazi et al., 2010) . In both cases, the starch granules were phosphorylated at both positions; however, the 33 P-label was located at only one or the other position. [b-33 P]ATP was obtained from Hartmann Analytic. Recombinant proteins (150 ng) were incubated in dephosphorylation buffer (100 mM sodium acetate, 50 mM bis-Tris, 50 mM Tris-HCl, pH 6.5, 0.05% [v/v] Triton X-100, 1 µg/mL [w/v] BSA, and 2 mM DTT) with C6-or C3-prelabeled starch (4 mg/mL) in a final volume of 150 mL on a rotating wheel for 5 min at 25°C. The reaction was terminated by the addition of 50 mL of 10% SDS. The reaction tubes were then centrifuged at 13,000 rpm for 5 min to pellet the starch. 33 P release into 150 mL of supernatant was determined using a 1900 TR liquid scintillation counter (Packard). The assay was performed with each protein six times or more to determine specific activity.
Glucan Binding Assay
Glucan binding assays were performed as previously described with the following modifications (Gentry et al., 2007; Dukhande et al., 2011) . All proteins used in the glucan binding assays were purified as described above without cleavage of the His 6 tag to maintain the epitope for immunoblot analysis. Amylopectin, from potato starch (Sigma-Aldrich) was solubilized by the Roach method (Wang and Roach, 2004 ) at a concentration of 5 mg/mL. Five milligrams of amylopectin was then prepelleted via centrifugation at 110,000g for 1.5 h at 4°C to collect only pelletable amylopectin and then resuspended in 0.5 mL binding buffer (50 mM Tris, 150 mM NaCl, pH 7.5, and 2 mM DTT). One microgram of recombinant protein was incubated in amylopectin solution for an hour at 4°C with rocking. The solution was then centrifuged at 110,000g for 1.5 h. Cosedimentation with amylopectin was measured by centrifuging the samples at 110,000g for 1.5 h. All supernatant was removed and protein was precipitated with 4 volumes of acetone stored at -20°C. Precipitated protein was then pelleted via centrifugation at 21,130g for 30 min, and excess acetone was removed using a SpeedVac concentrator (Savant) at 65°C for 1.25 h. Both soluble and pellet fractions were then resuspended in 30 mL RIPA buffer before the addition of 30 mL SDS-PAGE buffer (60 mL total volume for both the soluble and pellet fractions). Fifteen microliters of the pellet and soluble fraction were then resolved via SDS-PAGE, and relative concentration of pellet and soluble protein was analyzed by immunoblotting with a-His 6 antibody. Quantification of the signal was determined using ImageJ (Abramoff et al., 2004) . The assay was performed three times or more with each protein to determine binding capacity.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: LSF2, At3g10940; SEX4, At3g52180; GWD, At1g10760; PWD, At5g26570; and VHR, Hs03174. The atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB code 4KYR and 4KYQ, for maltohexaose/phosphate and citrate bound structures, respectively).
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